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The envelope glycoprotein (G) of vesicular stomatitis virus (VSV) contains a short cytoplasmic domain of 29 amino acids.
To determine whether VSV particle assembly could accommodate a G protein with a large cytoplasmic domain, we
constructed a gene called G/GFP encoding the VSV G protein with the 27-kDa green fluorescent protein linked to its
cytoplasmic domain. This gene was inserted into the infectious clone of VSV and we recovered a recombinant virus
expressing G/GFP from this extra gene. This VSV-G/GFP virus grew to titers equivalent to that of wild-type virus and was
stable upon passaging. The G/GFP protein formed mixed trimers containing an average of two wild-type G proteins and one
G/GFP protein. This heterotrimeric protein was expressed on the cell surface, and was incorporated into virus particles with
almost the same efficiency as wild-type VSV G protein. These results indicate that there is substantial space available
between the viral membrane and the nucleocapsid that can accommodate such a large cytoplasmic domain. The green
fluorescent virus particles were readily visualized by fluorescence microscopy and had a normal morphology by electron
microscopy. To determine whether virus assembly could occur efficiently when all G proteins contained the GFP cytoplasmic
domain, a VSV recombinant in which the G gene was completely replaced by the VSV-G/GFP gene was recovered. This virus
rapidly lost expression of the GFP protein sequence through introduction of a stop codon within the sequence encoding the
G cytoplasmic domain, indicating strong selection against homotrimeric G protein bearing such a large cytoplasmic domain.
© 2001 Academic PressINTRODUCTION
The vesicular stomatitis virus (VSV) genome encodes
five structural proteins (Wagner and Rose, 1996). The
glycoprotein (G) spans the viral membrane and forms the
surface spikes required for viral attachment and mem-
brane fusion. The matrix (M) protein is located inside the
membrane bridging between the membrane and the nu-
cleocapsid core. The negative-strand genomic RNA,
wrapped with nucleocapsid (N) protein, forms the helical
nucleocapsid core. Associated with the helical core are
the two other proteins, large (L) and phosphoprotein (P),
which form an RNA polymerase.
The mature G protein (Indiana strain) contains three
domains, a 446 amino acid ectodomain, a 20 amino acid
transmembrane domain, and a 29 amino acid cytoplas-
mic domain protruding into the virion (Rose and Gallione,
1981). G protein forms trimers in the endoplasmic retic-
ulum (ER) and is transported via the Golgi apparatus to
the plasma membrane (Bergmann at al., 1981; Doms et
al., 1987; Kreis and Lodish, 1986). The cytoplasmic do-
main contains signals that accelerate G protein transport
from the ER (Balch et al., 1994; Rose and Bergmann,
1983; Sevier et al., 2000) and direct G protein to the
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414basolateral membrane of polarized cells (Puddington et
al., 1987; Thomas et al., 1993). The presence of a cyto-
plasmic domain also enhances the efficiency of virus
budding. Mutational analysis previously showed that
there is no specific cytoplasmic domain sequence re-
quired for budding, although a minimal length of approx-
imately nine amino acids is required for efficient budding
(Schnell et al., 1998; Whitt et al.,1989). There is also a
budding enhancement domain located in the membrane
proximal G ectodomain (Robison and Whitt, 2000).
From analysis of VSV particles by electron microscopy
it has been argued that the VSV matrix protein is inside
the helical nucleocapsid core and not located between
the membrane and the nucleocapsid (Barge et al., 1993;
Thomas et al., 1985). The purpose of our study was to
determine whether assembly of VSV G protein into viri-
ons was compatible with the presence of a very large
cytoplasmic domain approximately the same size as VSV
matrix protein. Earlier studies showed that a VSV G
protein with green fluorescent protein fused to its cyto-
plasmic domain (G/GFP) is transported to the plasma
membrane with normal kinetics (Hirschberg et al., 1998).
This result implies that the addition of GFP does not
interfere with the folding of the ectodomain of G because
mutant proteins that are unable to fold correctly do not
form trimers and are not transported to the plasma mem-
brane (Doms et al., 1993). Because of these earlier stud-
es. The
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mately the same size (27 kDa), we chose to examine the
efficiency of incorporation of this hybrid protein into virus
particles.
We report that such G/GFP molecules were incorpo-
rated into virions with almost the same efficiency as that
of wild-type VSV G protein when they were present in
heterotrimers with wild-type G protein. The green fluo-
rescent virus particles produced were readily visualized
by fluorescence microscopy.
RESULTS
Construction and recovery of recombinant VSV
expressing a VSV-G/GFP fusion protein
To construct a gene encoding VSV G protein with a
large cytoplasmic domain, we appended the DNA en-
coding EGFP to the DNA encoding the VSV G protein. We
used overlapping PCR to prepare the construct such that
the intiation codon of EGFP DNA replaced the stop
codon of VSV G, which follows the codon for the last
amino acid in the C-terminal cytoplasmic domain. This
fusion gene, encoding a protein termed G/GFP, was
cloned into a full-length VSV infectious clone as an ad-
ditional gene between G and L (Fig. 1). Recovery of
infectious recombinant VSV virus from this clone was
successful and the virus obtained gave a cytopathic
effect typical of VSV infection.
Cells infected with VSV-GFP, which encodes soluble
GFP (Boritz et al., 1999) or VSV-G/GFP, were then ana-
lyzed for expression of GFP by fluorescence microscopy.
As shown in Fig. 2A, cells infected with VSV-GFP showed
a diffuse green fluorescence throughout the cell, as
expected for soluble GFP. In contrast the green fluores-
cence from the hybrid G/GFP protein was mainly local-
ized to the plasma membrane, as is typical of G protein
expression in infected cells (Fig. 2B). A large number of
cells also showed an internal region of high GFP con-
FIG. 1. Diagram of recombinant VSV cDNAs VSV, VSV-G/GFP, and VSVD
technique and inserted into the XhoI/NheI sites between the G and L gen
ith MluI and XhoI prior to religation. Restriction enzyme sites used are pcentration (arrows), which is typical of Golgi localization
seen in immunofluorescent staining of G protein (Roseand Bergmann, 1982). Expression of the G/GFP fusion
protein was also stable with passage of the virus. After
four passages on BHK cells, individual virus plaques all
appeared green. This virus also grew to high titers,
similar to those of VSVrwt (Table 1).
Detection of G/GFP in infected cells
To analyze the size and level of synthesis of the G/GFP
protein, BHK-21 cells were infected with VSV-G/GFP or
with a VSV-GFP expressing soluble GFP. Radiolabeled
infected cell lysates were then analyzed by SDS–PAGE
(Fig. 3). A faint background band of cellular protein of
approximately the same size as the predicted G/GFP (92
kDa) was detectable in cells infected with VSV-GFP (Fig.
3, lane 1). This band was not recognized by antibodies to
G or GFP. The GFP protein itself runs just ahead of VSV
M and is not visible on this gel (Fig. 3, lane 1). A band of
the expected size (92 kDa) for G/GFP fusion protein was
detectable in lysates from cells infected with VSV-G/GFP
(Fig. 3, lane 2).
Detection of G/GFP in purified virus particles
To determine whether G/GFP was incorporated into
VSV particles, radiolabeled virus particles were analyzed
FP. The G/GFP fusion sequence was amplified using an overlapping PCR
VSVDG-G/GFP genome was constructed by the digestion of VSV-G/GFP
on cDNA plasmids and are shown on virus genomes for clarity.
TABLE 1
Titers of VSVrwt and VSV-G/GFP
Time
3 6 9 12
SVrwt 2 3 107 3 3 108 5 3 108 5 3 108
VSV-G/GFP 4 3 106 1.5 3 108 2 3 108 2 3 108
Note. BHK cells were infected with VSVrwt or VSV-G/GFP at an m.o.i.
of 10 and incuated at 37°C. After 1h the inoculum was removed and
cells were washed twice with PBS. Aliquots of supernatant wereG-G/Gremoved at the time points indicated and titers obtained by plaque
assay on BHK cells.
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416 DALTON AND ROSEby SDS–PAGE. A band corresponding to G/GFP was
present in purified virions (Fig. 3, lane 4) and this band
was absent from particles of a VSV recombinant ex-
pressing soluble GFP (Fig. 3, lane 3). Detection of a band
corresponding to G/GFP in both cell lysates and purified
virions showed that the protein was expressed in in-
fected cells and incorporated efficiently into virus parti-
cles. Based on quantitation using the Phosphorimager
and correction for methionine content, the number of
G/GFP molecules expressed in cells was approximately
30% the number of G molecules. In purified virus parti-
FIG. 2. Fluorescent microscopy of VSV-G/GFP-infected cells. Cells
postinfection using a Nikon Microphot FX fluorescence microscope eq
camera. Arrows in (B) indicate likely sites of concentration of G-GFP m
FIG. 3. Metabolic labeling of G/GFP. BHK-21 cells at 70% confluency
were infected with VSV-GFP or VSV-G/GFP at an m.o.i. of 10 and were
labeled with [35S]methionine. Cell extracts from approximately 105 cells
lanes 1 and 2) and virus purified from 1 ml of clarified supernatant
lanes 3 and 4) were prepared and analyzed by 10% SDS–PAGE. The
osition of the five VSV proteins, L (241 kDa), G (63 kDa), N (47 kDa), P30 kDa migrates anomalously with N), and M (26 kDa) are indicated. A
and corresponding to G/GFP is also marked.cles the G/GFP molecules were 20% of the G protein
molecules, indicating that there was little selection
against incorporation of G proteins with the large GFP
cytoplasmic domain.
Incorporation of G/GFP into particles produces
fluorescent VSV particles
To establish whether VSV particles containing G/GFP
were fluorescent, purified VSV-G/GFP virus particles
were examined by fluorescence microscopy. As shown
in Fig. 4, large numbers of pinpoint fluorescent particles
fected with VSV-GFP (A) or VSV-G/GFP (B) and photographed at 6 h
with a 403 planapochromat fluorescence objective and a SPOT CCD
es in the Golgi apparatus.
FIG. 4. Fluorescent microscopy of VSV-G/GFP. Purified VSV-G/GFP
obtained from approximately 107 infected BHK-21 cells was resus-
ended in 1 ml TE buffer (pH 7.4). A 10-ml aliquot of this solution waswere inplaced on a slide underneath a coverslip and photographed as de-
scribed in Fig. 2.
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417G/GFP INCORPORATION INTO VSV PARTICLESwere visible, although these particles were too small to
be seen by bright-field or phase-contrast microscopy, as
would be expected for virus particles. The intensity of
fluorescence of the particles was variable, perhaps be-
cause of some virus aggregation or variation in the
amount of G/GFP incorporation per virion. Because VSV
particles contain approximately 1200 G protein mole-
cules (Thomas et al., 1985), 20% of which are G/GFP, we
estimate that an average virion would contain approxi-
mately 240 G/GFP molecules.
VSV-G/GFP particles have a normal VSV morphology
To determine whether the presence of the GFP in the
cytoplasmic domain caused any major change in virus
morphology, we examined purified virions by electron
microscopy (Fig. 5). The VSV-G/GFP particles had the
characteristic bullet-shaped VSV morphology (Fig. 5A)
and the envelope protein spikes on the virus membrane
surface were clearly visible (Fig. 5A). VSV-G/GFP parti-
cles appeared about 20% longer than VSV particles, as
would be expected from the encapsidation of a longer
FIG. 5. Electron microscopic analysis of VSVrwt and VSV-G/GFP.
Purified VSVrwt (B) and VSV-G/GFP (A) were adsorbed to carbon-
coated grids and negatively stained using 2% phosphotungstic acid (pH
7.2). Particles were photographed at 63,0003 magnification.virus genome (Schnell et al., 1996). However, the addition
f a large cytoplasmic domain on G in the form of the/GFP fusion protein did not lead to any consistently
bservable change in virus width or morphology com-
ared to that of VSV recovered wild-type (rwt) (Fig. 5B).
/GFP forms mixed trimers with G
Trimers of VSV G are in rapid equilibrium with mono-
eric G at neutral pH (Lyles et al., 1990; Zagouras and
ose, 1993; Zagouras et al., 1991). At pHs below 6 the G
rimer is stabilized and it is possible to immunoprecipiate
ntact G trimers from cell lysates of infected cells (Za-
ouras and Rose, 1993; Zagouras et al., 1991). To deter-
mine whether G/GFP formed heterotrimers with G pro-
tein, lysates from radiolabeled cells infected with VSVrwt
or VSV-G/GFP were prepared at pH 5.8 (Fig. 6, lanes 1
and 2) and divided in half, after which immunoprecipita-
tions were carried out using antibodies directed against
either G or GFP. Lysates from cells infected with VSVrwt
immunoprecipitated with antibodies to the G ectodomain
showed a single band corresponding to G (Fig. 6, lane 3);
a control immunoprecipitation of the same cell lysate
with anti-GFP antibody did not reveal any proteins, as
expected (Fig. 6, lane 4). Immunoprecipitation of lysates
from cells infected with VSV-G/GFP with antibodies to
the G ectodomain precipitated both G/GFP and G, as
would be expected since both proteins contain the entire
ectodomain (Fig. 6, lane 5). The coimmunoprecipitation
of G and G/GFP using anti-GFP (Fig. 6, lane 6) antibody
indicates that G/GFP formed heterotrimers with G (Fig. 6,
lane 6). Control precipitations carried out at pH 7 did not
coprecipitate G and G/GFP when antibodies directed at
GFP were used (not shown). The ratio of G to G/GFP
molecules in the anti-G precipitation (Fig. 6, lane 5) was
4.2:1 (calculated based on the number of methionines in
each molecule), indicating that G is present in excess
over G-GFP. In the anti-GFP precipitation the protein ratio
was 2.2:1 [(G):(G/GFP)], indicating nearly all G/GFP must
be in heterotrimers composed of two G molecules and
one G-GFP molecule.
Instability of a recombinant VSV-DG-G/GFP
To determine whether the G/GFP protein could func-
tion alone as the sole VSV glycoprotein we removed the
G gene from the pVSV-G/GFP infectious clone, to gener-
ate a plasmid designated pVSVDG-G/GFP (Fig. 1). Initial
attempts to recover this virus lacking normal G protein
were unsuccessful with standard procedures. We there-
fore carried out the recovery in the presence of a com-
plementing plasmid encoding VSV G. Virus recovered
was then passaged on a BHK-G cell line encoding G
(Schnell et al., 1997). The virus recovered in this way
encoded a VSV G/GFP protein that was expressed on the
virus surface. However, when this virus was grown for a
single cycle on BHK-21 cells (no complementation with
G) the majority of cells infected by passaged virus were
no longer green. The rapidity of the loss of GFP expres-
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418 DALTON AND ROSEsion was clear from inspection of infected BHK-21 cells
where a focus of infection typically showed green fluo-
rescent cells surrounded by infected (rounded) cells that
were not green.
To determine how the expression of GFP was lost we
first carried out radiolabeling and SDS–PAGE of lysates
from BHK-21 cells infected with VSV-DG-G/GFP. This ex-
periment showed that VSV-DG-G/GFP virus had reduced
evels of G/GFP expression after one passage and that a
ajor new protein band of approximately the same size
s wild-type G appeared (not shown). We next carried out
T-PCR analysis of genomic viral RNA from these cells
sing a positive-sense primer for reverse transcription
pstream of the TM coding domain in G followed by PCR
ith that primer and a reverse-primer priming at nucle-
tide 453 in GFP. Sequencing of the total PCR product
rom three independent RT-PCR reactions showed a sin-
le point mutation (GAG to TAG), changing the codon for
esidue 23 (Glu) of the G cytoplasmic tail to a stop codon
nd thus eliminating all expression of GFP. There was no
etected mutation in a fourth RT-PCR product, indicating
mixed population of virus particles. The rapid reversion
f the VSV-DG-G/GFP to virus with a G protein with a
hort cytoplasmic domain indicates that there is a strong
election against all G protein molecules present in
rimers having a large cytoplasmic domain.
DISCUSSION
Traditional models of enveloped virus assembly have
roposed highly specific interactions between the cyto-
lasmic domains of viral glycoproteins and internal virion
omponents, and such interactions are well established
FIG. 6. Analysis of heterotrimer formation by coimmunoprecipitation
ollowed by radiolabeling for 1 h with [35S]methionine. Cell extracts we
onoclonals I1, I14) or GFP (rabbit polyclonal anti-GFP), and analyzed
espectively. Lanes 3 and 4 show VSVrwt precipitated with either anti-G
ither anti-G or anti-GFP, respectively. The relative positions of VSV Gn some viral systems (Simons and Garoff, 1980). How-
ver, in the prototypic rhabdovirus VSV, there is no spe-
dcific sequence requirement in the cytoplasmic domain to
support efficient virus budding (Schnell et al., 1998). Con-
sistent with the lack of specific sequence requirements,
the cytoplasmic domains of VSV glycoproteins are highly
variable in sequence, even within the same virus sero-
type (Bilsel and Nichol, 1990), although they are typically
short, between 20 and 40 amino acids in length. The
situation appears different in rabies virus, a distant rel-
ative of VSV in the rhabdovirus family. For rabies virus
there does appear to be a specific interaction between
the cytoplasmic domain of the G protein and the internal
matrix protein, an interaction that is required for efficient
virus assembly (Mebatsion et al., 1999). In other nega-
tive-strand RNA viruses there is also good evidence for
important interactions between the cytoplasmic domains
of the viral glycoproteins and the internal viral proteins
(Sanderson et al., 1994; Jin et al., 1997; Cathomen et al.,
998).
Here we addressed the question of whether there is a
trict requirement for a short cytoplasmic domain on the
SV G protein for efficient incorporation into VSV parti-
les. We generated a recombinant VSV encoding the
ormal VSV G protein as well as a G/GFP fusion protein
ith the bulky 27-kDa GFP protein linked to its cytoplas-
ic domain. This G/GFP protein formed heterotrimers
fficiently with VSV G, was transported to the cell sur-
ace, and the heterotrimers were incorporated into VSV
articles with only slightly reduced efficiency compared
o that of wild-type G protein. We conclude that very large
ytoplasmic domains are not specifically excluded from
irus particles and that there must be significant space
vailable underneath the viral membrane to accommo-
-G/GFP. BHK-21 cells were infected with VSVrwt or VSVG/GFP for 4 h
immunoprecipitated with antibodies directed against either G (mouse
SDS–PAGE. Lanes 1 and 2 show VSVrwt and VSVG/GFP cell lysates,
ti-GFP, respectively. Lanes 5 and 6 show VSV-G/GFP precipitated with
/GFP are indicated.of VSV
re then
by 10%ate such a large protein.
Although VSV encoding the G/GFP protein from an
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419G/GFP INCORPORATION INTO VSV PARTICLESextra gene was stable and grew to normal titers, a virus
in which the G/GFP gene completely replaced VSV G
was genetically unstable. It rapidly lost expression of the
GFP portion of the gene through selection of a mutant
that had introduced a stop codon, thus eliminating ex-
pression of the GFP sequence. This result indicates that
the presence of a GFP tail on all G protein molecules in
some way interferes with assembly of functional virus
particles. This could result from space limitations on
assembly of glycoprotein trimers with three closely
packed GFP tails or on function of such G protein once
assembled. We have determined, however, that G/GFP
molecules can cause membrane fusion when expressed
from plasmid DNA. It could also be that a small amount
of G protein with a short cytoplasmic domain is required
to initiate virus assembly. The extremely unstable nature
of the recombinant makes this issue very difficult to
address.
Although the incorporation of proteins with large cyto-
plasmic domains was not addressed previously in rhab-
doviruses, it has been studied in retroviruses which are
similar to VSV in terms of their high-level, nonspecific
incorporation of many foreign membrane proteins into
the viral membrane. For example, it was shown that CD4,
which has a short cytoplasmic domain, is incorporated
efficiently into retrovirus particles (Young et al., 1990), but
hat when bound to the 56-kDa kinase lck, incorporation
s blocked (Henriksson and Bosch, 1998). This result
ight be attributable to steric hindrance caused by at-
achment of lck, or to other interactions of lck preventing
ocalization at the viral budding site. A more recent study
f incorporation of EGF-receptor into virus particles
howed that the presence of the 542 amino acid cyto-
lasmic domain on the EGFR inhibits incorporation of the
rotein about fivefold compared to a C-terminal trunca-
ion mutant with only seven cytoplasmic amino acids
Henriksson et al., 1999). Thus there appears to be some
pace inside retrovirus envelopes that can accommo-
ate large foreign sequences.
The VSVG/GFP virus that we describe here produces
reen fluorescent virus particles that are easily visible in
he fluorescence microscope at magnifications between
003 and 10003 because of the fluorescence given off
y particles that are well below the size resolved by light
icroscopy. Green fluorescent herpesvirus particles
ere also previously described but were generated by
using GFP to capsid proteins rather than to envelope
lycoproteins (Desai and Person, 1998). Attachment of
FP to the cytoplasmic domains of VSV G or other viral
lycoproteins could likely be exploited to follow virus
inding and entry using time-lapse photography. In ad-
ition, GFP-labeled virus particles could be useful in flow
ytometric analysis of virus binding to cells and identifi-
ation of viral receptors.MATERIALS AND METHODS
lasmid construction
The DNA sequence encoding the enhanced green
luorescent protein (EGFP; Clontech, Palo Alto, CA) was
oined to the end of the VSV G coding sequence using an
verlapping PCR technique. EGFP was amplified using
he forward primer 59-CATAGAGATGAACCGACTTGGA-
AGATGGTGAGCAAGGGCGAGGAGC-39 and the reverse
rimer 59-gatcgatcgatcgatcgatcGCTAGCTTACTTGTACAG-
TCGTCCATGC-39. The sequence in the forward primer
hown in italics corresponds to VSV G. The EGFP coding
equence begins with its initiation codon replacing the
top codon of VSV G. An NheI site is shown in bold type
nd the lowercase letters represent a noncomplemen-
ary sequence added to allow digestion of the DNA by
heI.
The product from this amplification was purified using
QIAquick PCR purification kit (Qiagen, Chatsworth, CA),
ixed with G cDNA and amplified using VENT DNA
olymerase (New England Biolabs, Beverly, MA) with
orward primer 59-gatcgatcgatcgatcgatcCTCGAGACTAT-
AAGTGCCTTTTGTACTTAGC-39 and the reverse primer
escribed above. The bold type indicates an XhoI restric-
ion site and the lowercase type indicates a noncomple-
entary sequence added to allow digestion of the DNA
y XhoI. After amplification the product was purified
sing a QIAquick PCR purification kit (Qiagen) and di-
ested with NheI and XhoI (New England Biolabs).
This digested product was ligated into pVSV-XN 2
Boritz et al., 1999), which had been previously digested
ith NheI and XhoI (T4 DNA ligase; New England Bio-
abs). The resulting clone was designated pVSV-G/GFP.
o generate a clone lacking VSV G, pVSV-G/GFP was
igested with MluI and XhoI and religated after blunting
sing Klenow fragment of DNA polymerase I (New En-
land Biolabs). The resulting clone was designated
VSVDG-G/GFP. Restriction sites used to generate
lones are shown in Fig. 1.
SV recovery
VSV-G/GFP was recovered from pVSV-G/GFP as de-
cribed previously (Lawson et al., 1995; Schnell et al.,
997). Briefly, baby hamster kidney cells (BHK-21) at
0–60% confluency were infected with vTF7–3, a recom-
inant vaccinia virus that expresses T7 RNA polymerase
Fuerst et al., 1987) at a multiplicity of infection (m.o.i.) of
0. One hour postinfection cells were transfected with 3
mg pBS-N, 5 mg pBS-P, 1 mg pBS-L, and 10 mg pVSV-G/
GFP using a cationic liposome (Rose et al., 1991). DMEM
containing 5% FBS was added to the cells 3 h posttrans-
fection and incubated for a further 48 h. The majority of
the vaccinia virus was then removed by filtration through
a 0.2-mm filter. The filtered medium was added to mono-
layers of BHK-21 cells at 50–60% confluency and incu-
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420 DALTON AND ROSEbated for 24 to 48 h. Virus from plates showing cytopathic
effect (c.p.e.) and green fluorescent cells was titrated on
BHK-21 cell monolayers and individual green plaques
were isolated and virus from them was grown on BHK-21
cells.
Infectious virus was recovered from pVSVDG-G/GFP
using the same procedure with some modifications. Vac-
cinia vTF7–3-infected cells were transfected with 3 mg
pBS-N, 5 mg pBS-P, 1 mg pBS-L, 4 mg pBS-G, and 10 mg
VSVDG-G/GFP. Additionally, after the 48-h incubation,
iltered media was passaged on BHK-G cells (Schnell et
l., 1997). These cells had been induced to express G
rotein 16 h prior to infection.
rotein expression and radiolabeling
BHK-21 cells were used in all expression, radiolabel-
ng, and immunoprecipitation experiments. Cells at 70%
onfluency were infected at an m.o.i. of 10 in 500 ml of
MEM containing 5% FBS. Four hours postinfection cells
egan to show c.p.e. Cells were then washed twice with
hosphate-buffered saline (PBS) and labeled with 100
mCi [35S]methionine (New England Nuclear, Boston, MA)
in 1 ml of methionine-free DMEM (Gibco BRL, Gaithers-
burg, MD). Extracts were prepared from infected cells
radiolabeled for 1 h at 37°C, and purified virus was
prepared from supernatants of infected cells radiola-
beled overnight at 37°C in media containing 70% methi-
onine-free DMEM, 29% DMEM, and 1% FBS. Cells la-
beled for 1 h were washed twice with cold PBS and lysed
in 0.5 ml detergent solution (1% Nonidet P-40; 0.4% de-
oxycholate; 50 mM Tris–HCl, pH 8; 62.5 mM EDTA). After
5-min incubation on ice, nuclei were removed by centrif-
ugation at 10,000 g for 1 min. Lysates were analyzed by
electrophoresis on an SDS–10% polyacrylamide gel and
detected using PhosphorImager (Molecular Dynamics,
Sunnyvale, CA). For trimer analysis and coprecipitation
experiments, labeled cells were lysed on ice using 1%
Triton X-100 in 13 MNT buffer (pH 5.8), a buffer consist-
ing of 20 mM MES, 30 mM Tris, 100 mM NaCl, 1 mM
EDTA disodium salt, and 1 mM ethylene glycol-bis(b-
minoethyl ether)-N,N9-tetraacetic acid (EGTA) (Za-
ouras and Rose, 1993; Zagouras et al., 1991).
Purified virus was prepared from labeled culture su-
ernatants as follows. Sixteen hours postinfection (h.p.i.),
ell debris and nuclei were removed by centrifugation at
250 g for 5 min, then virus was pelleted in an ultracen-
rifuge at 120,000 g through a 20% sucrose solution
ontaining 10 mM Tris–HCl (pH 7.5) and 1 mM EDTA.
elleted virus was resuspended either in TE buffer for
DS–PAGE or in detergent solution for immunoprecipita-
ion.
mmunoprecipitationClarified cell lysates or purified virus preparations
ere first precleared for 6 h at 0°C using 30 ml Staphy-ococcus aureus (Pansorbin; Calbiochem, San Diego,
A). The S. aureus was then pelleted using in a mi-
rofuge (2 min at 14,000 rpm) and the supernatant was
ivided into two parts. The volume was then brought to 1
l in pH 5.8 MNT lysis buffer and SDS was added to a
inal concentration of 0.1% as described previously (Za-
ouras et al., 1991). Antibodies that recognized either
SV proteins or GFP were used for the immunoprecipi-
ation. After 6 h at 0°C, 30 ml S. aureus was then added
to each sample and incubated for a further 6 h at 0°C.
Precipitates were then pelleted and washed three times
in cold lysis buffer containing 0.1% SDS. Samples were
analyzed by SDS–PAGE gels (10% acrylamide) and visu-
alized using a PhosphorImager (Molecular Dynamics).
Electron microscopy
Purified virus was prepared at 16 h.p.i. from approxi-
mately 107 BHK-21 cells on a 10-cm dish. Supernatant
as clarified of cell debris by centrifugation for 2 min at
0,000 rpm in an Eppendorf centrifuge. Virus was then
oncentrated by centrifugation at 120,000 g for 1 h
hrough a 20% sucrose solution and resuspended in
00–200 ml TE buffer (pH 7.4).
Virus was absorbed onto carbon-coated grids for 5
in. The grids were then negatively stained by incuba-
ion in 50 ml of 2% phosphotungstic acid (pH 7.2) for 30 s
or 1 min (Murti and Webster, 1986). Grids were then dried
in air for 10 min before viewing using a Zeiss EM910
electron microscope.
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